The pharmacokinetics of gentamicin C 1 , C 2 , and C 1a were studied in six beagles after administration of gentamicin at 4 mg/kg of body weight as a single intravenous bolus dose. Plasma concentrations of the gentamicin components were analyzed with a novel high-performance liquid chromatography method capable of identifying and quantifying each of the components. The pharmacokinetic analysis of the plasma concentrationversus-time data was performed using the noncompartmental approach. The results indicated significant differences in the pharmacokinetic characteristics between the gentamicin components C 1 , C 1a , and C 2 . The mean residence times of gentamicin C 1 , C 1a , and C 2 were 81 ؎ 13, 84 ؎ 12, and 79 ؎ 13 min (mean ؎ standard deviation), respectively. The half-lives of the respective components were 64 ؎ 12, 66 ؎ 12 and 63 ؎ 12 min. Clearance (CL) of gentamicin C 1 , 4.62 ؎ 0.71 ml min ؊1 kg ؊1 , was significantly higher (P ‫؍‬ 0.0156) than CL of gentamicin C 1a , 1.81 ؎ 0.26 ml min ؊1 kg ؊1 , and C 2 , 1.82 ؎ 0.25 ml min ؊1 kg ؊1 . Similarly, the volume of distribution at steady state (V ss ) of gentamicin C 1 , 0.36 ؎ 0.04 liter kg ؊1 , was significantly higher (P ‫؍‬ 0.0156) than the V ss of gentamicin C 1a , 0.14 ؎ 0.01 liter kg ؊1 , and C 2 , 0.15 ؎ 0.02 liter kg ؊1 . Tissue binding was considered the most likely cause for the difference. The difference may have clinical and toxicological significance.
Gentamicin is an aminoglycoside antibiotic used in treatment of serious infections caused by gram-negative aerobic bacteria. Gentamicin is not a single compound but a mixture of three major components, gentamicin C 1 , C 1a , and C 2 , and a number of minor components. The major components differ in the degree of methylation in the 2-amino-hexose (purpurosamine) ring. Gentamicin C 1a lacks methyl groups in this ring, while C 1 and C 2 have a methyl group in the 6Ј position ( Fig. 1 ). Gentamicin C 1 is also N methylated in this position, while C 1a and C 2 have free amines instead. The C 2 component consists of two stereoisomers (C 2 and C 2a ). It should be emphasized that the difference in the chemical structure between the gentamicin components is essentially similar to the difference between gentamicins and some other aminoglycosides, such as tobramycin and netilmicin. It has also been recognized that there is a wide variation in the component ratio between different pharmaceutical gentamicin preparations (4, 10, 22) . Gentamicin, like all aminoglycoside antibiotics, is nephrotoxic and ototoxic. Nephrotoxicity occurred in 17% and ototoxicity in 8% of patients treated with gentamicin (16) , but in some populations the numbers could be higher (27) . There appears to be a difference in the incidence of toxicity as a result of once-or multiple-daily administration protocols (15) , suggesting a correlation between the toxicity and pharmacokinetics of gentamicin. Furthermore, the components were reported to possess different nephrotoxicity in animals (10), but the human data were inconclusive (7, 13) . Strong tissue binding of gentamicin was reported (21) .
Radioimmunoassays, fluorescence polarization immunoassays, or microbiological assays have been used for quantitative determination of gentamicin in serum and/or plasma in pharmacokinetic studies (23) . The limits of quantification of total gentamicin of these methods vary considerably but were generally in the range of 0.2 to 0.5 g/ml. These methods lack the ability to identify and measure separately the three components. It is also not clear whether the performance characteristics of these methods were equal for the individual components, hence causing a potential bias in the accuracy of total gentamicin concentration. Consequently, the composition of the analytical standard, against which the concentrations are measured, and the different ratios of the three components in pharmaceutical gentamicin preparations are also bound to increase the analytical bias. Therefore, comprehensive understanding of gentamicin pharmacokinetics is profoundly dependent on an analytical method capable of analyzing the different components separately.
The presence of a deep-compartment and a three-compartment model of gentamicin disposition was suggested (3, 24, 27) , and in some studies a terminal half-life (t 1/2 ) of more than 100 h was observed (3, 20, 21) . However, other reports concluded that a two-compartment model best described gentamicin pharmacokinetics and were unable to observe the deep compartment (6, 17, 18) . At this point there seems to be no general agreement on a specific compartmental model best describing gentamicin pharmacokinetics. The basic problem in these studies is that the reported pharmacokinetics of gentamicin relate to an unknown combination of chemically related but different compounds addressed as gentamicin. Therefore, the variation in gentamicin pharmacokinetics and nephrotoxicity, reported in the different studies, could have resulted from the different pharmacokinetic characteristics of the components. Because the analytical uncertainties have not been clarified, studies concerning gentamicin pharmacokinetics may be indicative of the pharmaceutical preparation used in the study. However, meaningful pharmacokinetics can be determined for a single compound only. Gentamicin C 1 pharmacokinetics were reported to differ from total gentamicin pharmacokinetics (13) . To our knowledge the pharmacokinetics of the three major gentamicin components have not been investigated. This paper describes the pharmacokinetics of the three major gentamicin components in six beagles, using a reversedphase high-performance liquid chromatography (HPLC) method for analysis of plasma concentrations.
MATERIALS AND METHODS
Gentamicin (gentamicin base as sulphate [80 mg/2 ml], RAFA Laboratories Ltd., Jerusalem, Israel) containing 19.1 mg of gentamicin C 1a , 31.3 mg of gentamicin C 1 , and 49.6 mg of gentamicin C 2 in 100.0 mg total gentamicin was administered as a single intravenous (i.v.) bolus into the saphenic vein at 4 mg of total gentamicin/kg of body weight to six beagles (four males and two females) weighing 16 to 20 kg. Venous blood samples (5 ml) were collected at 0, 10, 20, 30, 45, 60, 90, 120, 180, 240, 360, 480, 600, and 720 min and 24, 48, and 72 h after drug administration in heparinized tubes via an indwelling jugular vein catheter. Plasma samples were stored at Ϫ30°C until analysis. The analytical work was completed within 2 months after sample collection.
The gentamicin C 1 , C 1a , and C 2 components were separated in a silica column according to the method described by Claes et al. (4) and used as analytical standards. Concentrations of the gentamicin components in plasma were assayed according to the method of Isoherranen and Soback (9) . A polymer solid-phase extraction cartridge (Oasis, 30 mg; Waters Associates, Milford, Mass.) was conditioned with 1 ml of methanol followed by 1 ml of 0.17 M Tris buffer at pH 10.0. One milliliter of plasma sample, mixed thoroughly with 5 ml of 0.17 M Tris buffer at pH 12.0, was loaded on the cartridge. The column was washed with 2 ml of 0.17 M Tris buffer, pH 10.0, and dried. An aliquot of 300 l of derivatization reagent (0.5 ml of 0.17 M Tris at pH 12.0, 0.5 ml of water, and 50 mg of 1-fluoro-2,4,dinitrobenzene in 2.2 ml of acetonitrile) was applied to the solid-phase cartridge, and the cartridge was placed into an oven at 100°C for 1 h. The derivatized gentamicin was then eluted with 5 ml of acetonitrile and evaporated to dryness. The residue was dissolved into 300 l of acetonitrile and transferred to an autosampler vial for HPLC analysis. A 20-l aliquot was then injected to the chromatography, consisting of a low-pressure mixing gradient HPLC system, a diode array detector, and an autosampler (model H-P 1100; Hewlett-Packard, Waldbron, Germany). The separation was performed using a reversed-phase column (Symmetry C 18 ; 100 by 4.6 mm; 3.5-m particle size; Waters Associates) with a C 18 precolumn and acetonitrile-Tris buffer (8.3 mM) at pH 7.0 (68:32, vol/vol) in the mobile phase at a flow rate of 1.2 ml/min. The 2,4-dinitrophenyl derivatives of gentamicin components were detected by UV absorption at 365 nm. The limits of quantification (LOQ) of the components, defined as nine times noise, were 0.07 g/ml (C 1 ) and 0.1 g/ml (C 1a and C 2 ), and the recovery was 72%. The linear range was from 0.07 g/ml or 0.1 g/ml (C 1a and C 2 ) to 20 g/ml for the components. The intraday coefficients of variation of the assay were 7.7, 10, and 11 and 2.1, 4.2, and 1.1 for gentamicin C 1a , C 2 , and C 1 at 0.1 and 20 g/ml, respectively. The interday coefficients of variation of the assay were 13, 12, and 7.7 and 4.8, 6.3, and 2.0 for gentamicin C 1a , C 2 , and C 1 at 0.1 and 20 g/ml, respectively.
Pharmacokinetic analysis. The pharmacokinetics of the gentamicin components were determined by use of a noncompartmental approach based on the statistical moment theory (26) and utilizing a computer program (25) . The linear terminal slope (␤) was calculated by a linear, least-squares regression analysis, using the last five to six plasma concentration-versus-time points. The t 1/2 was calculated according to the following equation: t 1/2 ϭ 1n2/␤. (8) . The mean residence time (MRT) was determined by the equation MRT ϭ AUMC/AUC, where AUMC is the area under the first moment curve and AUC is the area under the plasma drug concentration-time (zero moment) curve (26) . The AUMC and AUC were calculated by the trapezoidal method and extrapolated to infinity (25) . The volume of distribution at steady state (V ss ) was estimated as follows:
where D is the dose and CL is the total body clearance (2) . The volume of distribution in the elimination phase (V ␤ ) was calculated according to the following equation: V ␤ ϭ D/(AUC ϫ ␤). Total body clearance (CL) was calculated by use of the following equation (8).
Statistical analysis. Friedman's nonparametric repeated-measures test and the Wilcoxon signed-rank test were used to analyze statistical differences (P Ͻ 0.05) in the determined pharmacokinetic parameters. Figure 2 illustrates a chromatogram of the separation of the gentamicin components in dog plasma. The pharmacokinetic parameters for each gentamicin component and for the total gentamicin in the six dogs are presented in Table 1 . The total gentamicin pharmacokinetics, determined using the sum of the concentrations of the components, are given for comparison only with full knowledge that pharmacokinetics of a mixture of compounds cannot be determined unequivocally. Figure 3 depicts the plasma concentration-versus-time curves for the gentamicin components and total gentamicin. The plasma gentamicin component concentrations were below the LOQ in all samples collected at 480 min and thereafter.
RESULTS
No difference was observed in the MRT and t 1/2 of the three gentamicin components. The CL of gentamicin C 1 was 150% higher than the CL of gentamicin C 1a and C 2 . The V ss of gentamicin C 1 was 145% higher than the V ss of C 1a and C 2 . There were significant differences in the V ss (P ϭ 0.0055), V ␤ (P ϭ 0.0017), and CL (P ϭ 0.0081) values between the three components. The volumes of distribution and CL clearance of gentamicin C 1 were significantly higher than those of gentamicins C 1a and C 2 (P ϭ 0.0156). There were no differences in V ss , V ␤ , and CL values between C 1a and C 2 .
DISCUSSION
Gentamicin pharmacokinetics has been a subject of considerable interest due to its clinical importance on the one hand and its toxicity on the other hand. Gentamicin is a very polar entity that does not undergo metabolism in the body and is excreted mainly by glomerular filtration (27) . However, the fact that gentamicin is actually a combination of three major components, gentamicin C 1 , C 1a , and C 2 , has gone practically unnoticed in pharmacokinetic studies. Furthermore, these components appear in pharmaceutical preparations in widely variable ratios (4, 10, 22) . The analytical problems associated with determination of the combined concentration of the three compounds were identified already in the early studies (12, 21) , but this aspect was widely overlooked in the subsequent research.
The plasma concentration-time curves of the gentamicin components generated in the present study represent disposition profiles of a multicompartment model. In one-compartment models V ␤ is equal to V ss (8) . These volume terms are exit site dependent, and the presence of a slowly equilibrating compartment could also cause the difference in these terms (14) . The results of this study revealed that the difference between V ␤ and V ss of the three components was small (7 to 14%). No sign of a long terminal phase could be distinguished from the plasma concentration-time curves, as the concentrations declined below the LOQ after 360 min, despite the limit of the on October 20, 2017 by guest http://aac.asm.org/ detection in the present study that was equal to or less than those in most other studies describing gentamicin pharmacokinetics. The CL, V ss , and V ␤ estimated in the present study for total gentamicin were lower than the respective values reported earlier (1, 17) , which were closer to those determined here for gentamicin C 1 . In accordance with our results, gentamicin C 1 was reported to have higher CL and volume of distribution than total gentamicin in humans (13) .
The relationship of volume of distribution to the plasma and tissue volumes can be characterized as follows:
where V P is the volume of plasma, V T is the aqueous volume outside plasma into which the drug distributes, f u is the fraction unbound in plasma, and f uT is the fraction unbound in tissue (19) . Because all the components were administered simultaneously to the dogs, the V P and V T were identical for all the components. Thus, the differences in V ss between the components indicated that C 1 had either a larger f u or a smaller f uT than the two other components. The plasma protein binding of gentamicin (and aminoglycosides in general) is less than 10% (27) , and it is inconceivable that it could contribute to the 145% difference in V ss . Therefore, gentamicins C 1a and C 2 appear to be less bound to tissue than gentamicin C 1 . This may be of clinical importance if gentamicin nephrotoxicity results from strong binding to the renal tissue. The binding between gentamicin and phospholipids was found to be ionic (12) .
More than 95% of the total gentamicin dose is excreted unchanged in urine in dogs (24) . The renal clearance (CL R ) is defined as: CL R ϭ f u ϫ GFR ϩ CL S Ϫ CL Ra , where GFR is the glomerular filtration rate, CL S is the tubular secretion clearance, and CL Ra is the tubular reabsorption clearance (11) . Consequently, if the clearance of the unbound drug is less than the GFR, reabsorption occurs. A general estimate of the glomerular filtration rate of 6.13 ml min Ϫ1 kg Ϫ1 in dog was given (5) , but GFR values of 3.8 and 4.0 ml min Ϫ1 kg Ϫ1 have also been described (11, 17) . The CL of gentamicin C 1 was similar to the lower GFR values reported for dogs. The significantly lower CL of gentamicin C 1a and C 2 compared to gentamicin C 1 suggests that gentamicin C 1a and C 2 were reabsorbed in the kidney to a much higher extent than gentamicin C 1 . It is noteworthy that irreversible tissue binding would increase CL values by decreasing the AUC in equation 2.
A decrease in gentamicin CL as a function of increased dose was described (6) . In the present study the components were given in different doses which, accordingly, could have caused the difference in their pharmacokinetics. However, this seems unlikely, because the lowest CL was determined for the component given at the lowest dose.
According to equation 1, V ss , CL, and MRT are interrelated. Because no difference was observed in the MRTs of the three components V ss and CL must change in the same direction and on the same order of magnitude. Analogously, the similar t 1/2 values of the three components result from changes of V ␤ and CL in the same direction and on the same order of magnitude according to the equation t 1/2 ϭ V ␤ 1n2/CL. The fact that both volume of distribution and CL of gentamicin C 1a and C 2 or gentamicin C 1 are affected to a similar magnitude would sup- port the hypothesis that the change results from the same physiological cause. Tissue binding appears the most likely reason to affect both parameters in a similar manner. Renal uptake by endocytosis of polybasic drugs, such as aminoglycosides, mediated by an epithelial glycoprotein was reported (12) . Accordingly, the uptake of gentamicin C 1 in the present study would be higher than those of gentamicin C 1a and C 2 . In commercial preparations, gentamicin C 1 consists of 25 to 50% of the total gentamicin. Equation 2 can be rearranged to AUC ϭ D/CL, and the extreme values of the component ratio can be used as the dose and the values obtained in this study as the CL. Consequently, the total gentamicin AUC, calculated as the sum of the AUC values for each component, may vary up to 20%. This simulation emphasizes the importance of determining the pharmacokinetics of each gentamicin component separately, including the quantitative assessment of each component in the administered dose. Furthermore, the different pharmacokinetics of the components may warrant reevaluation of the use of single-component gentamicin preparations in clinical situations.
